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SUMMARY

This paper is the second part of a series of reports
on the inwerd bulge type buckling of monocoque cylinders, -
It presents the results of an experimental investigation
of buckling in combined bending and compression, In the
investigation it was found that the theory developsd in
part I of the present series predicts the buckling lozd
in combined bending and compression with the same degres
of accuracy as the ¢lder theory does in pure bending, 1In
the realm covered by the experiments no systemstic varia-
tlon of the parameter n was ¢bserved, The analysis of
the tesd results afforded & check on the theories of buock-
ling of a curved panel, The agrsement between sxperinment
and theory was reasonably good. In addition, the effesct
of the end conditions upon the stress distridbution under
loads and upon initisl stresses was investigated,

IXTRODUCTION

Large monocoqus. fuselages reinforced with closely
spaced stringers and ringsg ars likely to buckle, when
loaded, in a pattern which involves simultaneous distor-
tions of the stringers, the rings, and the sheet covering.
This type of buckling is known as general instability.

The details of the pattern vary with the loading. When
the maximum stress in the fuselage is caused mainly dy a

- bending moment, which may bde accompanied by a small shear

force, compressive force, or torque, the characteristic
feature of the distorted shape is an inward bulge extending
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symmetrically from the most highly compressed stringer.
In some cases there 1s a2 single inward bulge; in others
several appear along the most highly compressed stringer,
and these may oceur when the bending moment is constant
over a uniform portion of considerable length of a mono-
coque cylinder. Often a few shelliower secondary bulges
appear alongside the main bulges, or the main dulge is
displaced slightly because of inaceuracies of manufacture
and load application, dut in every case so far observed
all these distortions were restricted to the general
neighborhood of the most highly compressed stringer.

This type of general instability is denoted a2s inward
bulge type Ducklinge.

The purpose af the experimental investigation pre~
sented here was the verification ¢f the theory of inward
bulge type buckling in conbined bending and compression
as developed in reference 1, Reinforced monocoque cyl-
inders 0of 20-inch diameter and 33.5~inch length -~ four
¢ylinders in the preliminary and nine inp the final test
series = wers tested in the Alrcrafb Structures Laboratory
of the Polybechnic Institute of Brooklyn, For their con-
trivution to the development of the manufacturing and
testing techniqgue credit ig due %o Albert J. Cullen and
Joseph Kempner, Similarly, the contributlion of Bruna A,
Boley in participating in the final tests and the evalua-
tion of the test ressults must be acknowledged,.:

In the third section of thig report the test speci-
men and the test rig are described, In the fourth sec-~
tion the test results are anslyzed. ¥For the caleculation
of the theoretical buckling stress corresponding t0 the
invard dulge pattern the effective width of the curved
Panels of sheet must be known., The determination of the
effective width in %turn presupposes the knowledge of the
buckling stress of thes curved panels, Horsover, devia-
tions from the theorstical sitress distribution influence
the magnitude ¢f the load under which the inward bulge
develops . and 1t was establieshed in the sxperiments that
at least the locatlion of the bulge is influenced& by the
initial stresees in the test specimen,

Because of these complex interrelations it was nec-
essary to analyze the varioug items separately and t¢
proceed systematically from the discussion of the line-
arity of the strain distribution in bending sthrough the
analyses of the uniformity of strain in compression, the
initial stress, the bueckling of the sheet covering, tle
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equilibrium of forces and moments, and the strain~-bending
mnoment curves of the stringers to the discussion of the
eritical stress in inward bulge type buekling proper.

The fifth section contains the principal conclusions
drawn from the analysis.

This investigation, conductad af the Polytechnic
Ingtitute of Brooklyn, was sponsorad by, and conducted
with financial assistance from, the National Advisory
Committee for Aeronautlcs,

SYHMBOLS
Aggr cross~sectional area of stringer plus effectivs
width
a stringer spacing measured along circumference
B Young's modulus
fc or buckling stress of curved panel
fcurved buckling stress of circular cylinder
fflat buckling strese of flat panel
Fcy Yield-point stress
Ir moment of inertia of ring plus effective width
1 noment of inertia of sitringer defined in egua-
s%r
tion (7)
Istr - moment of inertia of sitringer plus sffective

width for bending in radial direction

Istr % moment of inertia of stringer plus effective
width for bending in tangential direction

k constant in formula for dbuckling stress of flat
Panel
Iy ring spacing

i nunber of rings involved in duckling



KACA TH Ho, 939 ' .4

n parameter characteristic of wave length in cir-
cumferential direction

P axial force in cylinder

T fadius of cylinder

t thickness of sheet

2w ‘ effective width of flat panel

2wt effective width of curved panel

€or critical strain in general instability

€ourved buckling strain of circular cylinder

€fiat buckling strain of flat panel

€max observed strair in most highly compressed
stringsr

€atr strain in stringer

1 Poisson's ratio

v ~compressive load divided by perimeter

TEST SPECIMEN AND TEST RIG

The test specimen 1s shown in figure 1. It con-
sisted of a circular_sheet metal cylinder of 20-inch out-
side diameter and 3372-inch over-—all length reinforced
with 5 equidistant rings of 3/8~ by 1/8-inch rectangular
section and with 16 egquidistant longitudinals of 3/8-inch
sguare sectlion, In order to simplify manufacture stringers
were attached internally and rings externally to the ¢yl-
indrical sheet, Rings and stringers were connected by
1/6-ineh round head machine screws. Machine screws of
the same size, spaced 0,714 inch apart, secured the sheetl
to the stringers,

. Bing butt splices were arranged alternately %o the
right and the left of the top stringer. Segments of the
ring stock were used as butt straps extending as far as
the adjscent stringers and bolted to them, Two more
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bolte between the stringers fastened the strap to the ring
and the sheet, Rings were made of 245~T aluminum alloy.
Stringers were of 178~T aluminunm alloy except in eylinder
Wo, 13, where they were of 245-T gluminum alloy.

Cylinders Nes, 9, 10, and 11 were manufactured of
four sheets eath which were attached to one another by
lap Joints along %op, bottom, and extreme right and left
stringers, In these cylinders the sheets had a nominal
thickness of 0,012 inch, Actually this thickness ranged
from 0,0119 to 0,0122 inch, The materiegl was 24S-T
elclad, All the other eylinders were constructed of two
sheets each with lap joints slong the extreme right and
left stringers. The nominal thickness of the sheebts for
these cylinders was 0,020 inch, while the actual values
varied from 00,0199 %o 00,0208 inch, The naterial was
24S-7 aluminum alloy.

The test rig is shown schematically in figure 2.
The base of the rig consisted of two pairs of 8«insgh chan~
nels 30 inches apart. The and stand, buillt of channel
sections, was braced %o the base by tles and struts, The
loading arm wasg a tripod., It rested on three ball bear-
ings which were free to roll on the supporiting table.

The externzl load was applled by a screw Jack which
exerted & downward force on the bottom of a rectangular
frame suspended from the apex of the tripod loading arm.
The reaction to the force was taken up by a second rec-
tangular frame pinned +0 ths base of the rig.

A heavy machined steel ring was fitted to sach end
of the cylinder, Ring No. 1 was bolted 30 the end stand,
ring ¥o, 2 to the loading head, which like the end stand
was & £rid composed of steel channels 2nd angles. The
considerable weight of the loading head was balanced by
means of g counterweight suspended from an overhead frame
by a steel ¢cable guided over sheaves. Two parallel links
connected the lcading arm to the loading head and brans-
mitted to the test specimen the couple caused by ithe ap-
plied load, TFront and rear views of the test arrangement
are presented in figures 3 and 4,

The test specimen was oconnected to the end rings hy
means of the stringer grip fittings shown in figure b,
Bach fitting was attached t¢ the ring dy two 1/2=inch
steel bolts., The surface of contact betwsen stringer and
£itting was serrated, and the pressure exerted by the
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bolts was found sufficient to maintain an adequate grip.

The compressive force required for the tests in sime
ple compression and in combined vPending and compression
was apprlied by means of the compression load bar indicated
" in figure 2 and shown in the photograph of figure 6, The
bar was nmachined of ochromium-molybdenum stsel, At one
end it was atbtached to the loading head, at the other, %o
the end stand, The labter attachment was effected Dy
means of a butiress thread and nut. By tightening the
nut with a large ratchet lever the required compresszive
force was applied t¢ the test cylinder.

The compressive forge in the test cylinder was equal
to the tengile force in the load bar, The latter was
measured by twoe Baldwin~Southwark BR-4 metalectric strain
gages type A-~l, coemented to plane esurfaces machined at
the middle of the load bar, The load applisd to the
loading arm was megsured by the same type of strain gages
attached t0 a load 1link inserted between the loading arm
and the rectangular frame. In all strain measurements
the pairs of gages were gonnected in series in order to
obtain average~dirett etrain values,

The pairs of gages used for measuring strain in the
test cylinders were cemented to the stringers., They were
arranged in two sections of the ¢ylinder Qenoted in fig-
ure 3 as 3and A4 and Band B, respectively. At each sec-
tion the strain was measured in every other stringer.

Two Baldwin~Southwark SR-4 control boxes were used
to obtaln simultaneous readings of bending moment and
compressive force, Switching was effected by means of a
tapered brass plug and matching brass sockets, All wir-
ing was done with rubber insulated single conductor No,
18 wire. Separate dummy gages were provided for the load
link, the compression load bar, and the stringsrs,

The sompression load bar and the load link were cal-
ibrated in a Riehle Bres, lever type testinz machine.

ANALYSIS AND DISCUSSIQN OF TEST RESULTS

Pregentation of'Test Results

The results of the tests are presented in the diar- -
grams of figures 7 to 83, The diagrams may be sudbdivided
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into four main groups, .In the firet, figures 7 to 28,

the measured direct strain is plotted against distance
from the horizontal center line of the eylinder. In the
second group, figures 29 to 34, the direct strain caused
by the compression slone is indicated in polar coordinates,
In the third, figures 35 t0 45, the initiel strains in the
eylinders are given in sinilar polar form, with the excep~
tion of the last diasgram, figure 45 in this group, which
presents the wvariation of the initial strain in the axial
direction, The fourth group, figures 46 to 63, sghows the
variation of the etringer strain with inereasing bending
monent s

ILinearity of the Stress Distribution in_Bending

In the course of the first pure bending tests of the
present investigation it was noticed that the direct
gtrain measured deviated greatly from the straight-line
law usually assumed %tc¢ prevail in structures subjected to
bendinge In order %6 obtain a better agreement with the
assunntions of theory, the loading head was systemati-
cally reinforced and the effect of these reinforcements
on the sHrain distribution was observed. The improvement
attained may be judged on the basis of a comparison of
figures 24 %0 2B and 7 %0 8, representing the strain dis-
tribution in eylinders Nos. 2 and 5, respectively, 1In
cylinder Fo. 2, although the greater part of the rein-
forcements already had been added, the devigtions from
linearity are geen %o be still excessive, By contrast,
eylinder No, 5, whiclhi was the first of the final test
series, yields & close agreement with the theoretical as-
sunptions in thie A band and = satisfactory agreement in
the B band, The strain lines corresponding %o high bend-
ing moments are slightly concave on the compression side
of the B band,

A review of all the strain dlagrams reveals that as
a2 rule the strain curves are straight up to about one~
half the fgiling load, 3In the later stages of loading,
when bugkling of the sheet becomes pronocunced, deviations
from linearity appear, especially on the compression side
of the cylinder. In most cases these deviations make the
compression side of the strain curves convex when the
bending moment is accompanied by a hish compressive force,
and congave when bending moments are sapplied alone. For
each cylinder tested in combined bending and compression,
s eontrol test in pure bending was run before the main
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test was made, The results of the control test are shown
by a dotted 1ine which in no case deviates appreciably
from a straight line,

) In order to illustrate more clearly the deviations
from linsarity, figures 26 to 28 are included, These
figures show experimental strain curves for typical cases
of combined bending and compression at various stages of
loading superimposed upon the theoretical straight linses
constructed for the coryesponding loads,

The development of a linear strain distridbution may
be interpreted by the principle of least work, 4 liznear
distribution corresponds indeed 40 the least strain energy
in a ocylinder subjected to pure bending if Hookels law
applies and if the endes of the e¢ylinder ars attached to
perfectly rigid Podies, In many experimental setups it
may be inconvenient to provide very rigid and thus heavy
and cumbersgome structural arrangements for transmitting
the applied forces to the ends of the cylinders, The
least work principle then requires that the total strain
energy stored in both the cylinder and the attaching
structural members be a minimum, The resulting strain
distrivution may deviate considerably from linearity in
sugh cases, Horeover, the relative rigldity of test
gpecimen and attaching structural elements changes wlth
the type and the magnitude of the logding. Uonsequently,
1deal straight~line strain curves are not likely %0 be ob-
tained in experimente carried out with a single test rig
under varlious conditions of loading, unless very heavy
attaching structural elements are usefl,

The deviations from the straight-line law obtained
in the present experiments were considered permissible in
view of the results of the calculations presented under
The Effect of Fonlinear Direct Stress Distribution in
reference 1, However, the conclusion is drawn from the
foregoing investigations that a careful survey of the
strain distribution in & monccoque structure subjected 0
bending is a necessary preliningry %o the use of a new
test rig or of a new type of test specimen,

It 18 noted that the compressive forces listed in the
diagrans for tests of bending combined with compression
are noninal values, The exast values at the various
stages 0of loading ares listed in %table I.



NACA TN Mo, 939 2

Uniformity of the Strain Distribution in Compression

After the first successful tests in pure bending
were accomplished, the testing of the cylinders in com~
bined bending and compression was undertaken., Trial conm-
pressive tests applied to eylinder Yo, 6 resulted in
great deviations from a nniform sirain distribution.

This may be seen from figure 34, The magnitude of the
deviathons was unexpected since the satisfactory strain
curves obtained in bending had been interpreted as a
proof. of an adequate rigidity of the loading rig for all
types of loading. The fallacy of this cenclusion became
apparent when the incorparation in the test rig of addi-
tional differently arranged stiffening slements and a
systematic application of shims, resulted in gtrain curves
sufficlently uniform for practical purposes. Apparently
the strain energy bvalancse discuseed in the preceding ar-

ticle changes materially from one loading condition %o
the other,

Ae a preliminary of the combined bending and compres-
sion tests a simple compression check test was run with
each of the subsequent cylinders except No. 13. The re-
sults of the check runs are shown in figures 29 to 33,
and the maximum deviations from the uniformity of the
strain are listed in %able II, The maximum deviation
from the average strain was 8.1l7 percent for the four
eylinders having the thick sheet, 15,31 percent for the
two having the thin sheet. ”

Initlial Strains

In the simpls bending and the combined bending and
‘compression tests 1% was observed that buckling of the
gsheet covering slmost invariably started near stringer
No., 7, although theoretically the maximum compressive
strain should have occurred at stringer No. ©. The pos-
8i9i1lity that this phenomenon had been cansed by initial
stresses was investigated in a series of systematic ex-
periments, The results obtained in the experiments car-

ried out on ¢ylinder ¥o., 13 are presented in figures 40
to 44,

First the strain gages were cemented t0 the stringers
before any of the bolts which served for attaching test
specimen, end rings, and test rig were tightened., With
the cylinder resting on the flooyr, strain gage readings
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were made to serve as zero readings, Next the bolits in
the stringer grip fittings of end ring Ho, 1 were tight-
ened and a new set of strain readings was taken, The
strains calculated from these readings are shown in fig-
ure 40, They are predominately tensile, the maximum val-
une being 2,26 % 107%, 1In the following steps the oylin~
der was fastened %to the end stand, the stringer grip {it-
tings tightened at the other end of the cylinder, and
finally the loading head was bolted to end ring Mo, 2.
After each of these steps the sirains were measured and
recorded, They are shown in figures 41 to 43, The dia-~
Zrams raeveal the characteristic feabures and the rslative
importance of the strains caused by each operation, Fig-
ure 44 presents the total initial strain in cylinder o,
13. . .

Figures 35 to 32 show the strains caused in eylinder
¥o, 10 by a similar seguence sf operations in which, how-
ever, the order of the first two steps was reversed. Be-
cause of this change, and possihly because of the differ-
ence in the thickness of the sheet, the effect of the in-
dividual operations differed from that observed in the
experiments carried out with eylinder No, 13, Neverthe-
lessy the curves representing the total initial strains
in the $wo cylinders show marked resemblance. The same
ig true of the total initial strain curves of e¢ylinders -
Nos. 8 and 9, which are not reproduced in this report,

The total initial strain distridbution corresponds
basically %o a warping group with a2 vanishing resultant
force and a vanishing moment about any axis, Ths strains
causged by an operation undertaken at one end ring de-
crease rapidly in the direction of the other end ring,
as may be seen from Ffigure 45, This is in agreement with
Saint Venant's prineiple, ' It should be noted, however,
that the distance at which $he effect of a disturbance
becames negliglbly small 4is likely to be equal to two or
three times the diameteyr of the ¢ylindex,

In the initial strain measurements undertaken, the
greatest tensile strains ocecurred generally at stringers
¥os., 1 and 9, and comparatively large compressive strains
.at stringers Wos, 7 and 13. The maximum total initlal
stress was of the order of 3000 pounds per square inch,
Koreover, the curves of distribution of strain in con-
pression (figs, 29 %o 33) aleo indicate some excess over
the average of compressive strain, Thess findings conmn~
pletely explain way the first buckles in the sheet
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appeared near stringer Yo, 7 rather than near stringer ¥o,
9. On this basis the development of the inward dbulge
along stringer No, 7 near end ring No, 1 in some of the
tegts also can be understood, It does not appear likely,
however, that the initial stress could have appreciadbly
influenced the magnitude of the oritical stress in inward
bulge type buockling., This opinion is based on the facd
that there was no systematic variation ian the buckling
stress +0 correspond with changes in the location of the
invard bulge. It appears sdvisable, however, to pay more
attention in the future to initial stresses in experimental
investigations on semimonocogue cylinders than was usual
in the paskt,

The Bugkling of the Sheet Oovering

‘ The determination of the effective width of sheet,
needsd in the comperison of experiment with the theory of
general instability, depends on & correct estimate of the
strain (or of the stress) at which the sheet covering
buckles. In the caleculation ¢f the critical stress

fo er ©f the curved pansels of sheet Redshaw'!s formula

was used!

2 3
£e er = (fflatfg) + v/fcurved + (fflaé/a) (1)

In this equation fg1o¢ stands for the critical siress

of the corresponding flat sheet, Its value is given by
the formula

where % 1g the thickness of the sheet, & the width of
the panel measured along the perimeter of the cylinder,
I Young's modulus, and i Poissdén's ratio., The value
of k depends upon the length-to-width ratio of the
panel and upon the esdge conditions, In the test speci-
mens the lengith~to-width ratio was high because of the
absence of intermediate attachment bPetween rings and
sheet. 1If the difference in the elastiec restraint ex~.
erted by the stringers upon the thick and the thin sheet
is talken into account, it appears reasonable to choose
k= 4 for the thick and k = 5 <for the thin sheet.
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Bquation (2) then gives 987 and 445 pounds per sguare inch
for the critical stresg of the thick- and the thin-walled
specimens, respectively.

The buckling stress of ths eircular cylindrical sheet
was denoted f,,ppegq Iin eauation (1). I% can best be

calenlated from Donnellls formula:d

-7 :
- 068 (/r) Lo 17 X 107 (x/%)° (3)

£
curved 1 4+ 0,004 (E/Fcy)

where r is the radius of the cylinder and Fcy the

oompressive yield-point strees of the material, Zquation
(3) gives fourveqa = 5890 pounds per square inch for speci-

mens having the thick sheet, and fy,prved = 2250 vounds

per square inch for those having the thin sheet, For the
critical stress of the curved panels equation (1) then
gives?

fe cr = 6400 pounds per square inch {for the 0,020-in.-thick sheet), and

fo oy = 3480 pounds per square inch (for the 0,012-in.=~thick shest).

In the course of the experiments these theoretical
valués were checked in Ffour ways., Filrst, the appsarance
of the Tirst buckle was visually observed and the straln
at its location was determined from the strain-gage read-
ings. Secondly, use was made of the strain againsgt bend-
ing moment curves drawn for stringer Wo, 9. Thse curves
are stralight until the sheet begins to buckle, Conse~
quently, the first deviatlons: from the initial slope mark
the bending moment at which the sheet buckles, 4 third
indication of the critical strain of the sheet covering
was found in plots of the observed shift of the neutral
axlis in bending, since there cannot be any shift unill the
sheet buckles, Finally, the slopse of the strain curves
of Ffizures 7 %o 28 was determined at the nentral axis and
plotted against the bending moment. The slope of these
curves alsc changes when the sheet begins t¢ duckle,

The data obtained by the methods Just ountlined are
gollected in table IIl. Correction of the data for ini-
tial strain was not congidered warranted for the purposes
of the present investigation, In spite of the sonsiderable
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scatter of the values one conelusion, at least, ig inevi-
table: the sheet buckled at mueh higher strains wvhen the
specimen was scted upon by a beanding moment bthan in the
case when the load was pure compression. This phenomenon
had been noted by ILundquist in references 2, dbub is disre-
garded as a rule in the stress calculation of semimono-
cogques. 1% would be desirable to develod methods of anal-
ysis that take this effect into account, Wwith ne such
method yet available, however, & constant value of the
buckling strain all along the eircumference of the cylin-
der was assumed for the subseguent caleculations. From the
gomparison of theory and experiment the following round
numbers were chosen for use in laterx anslysis?

€opny = L % 107% (for the 0,020-1in.-thick sheed)

:eflat = 0458 ¥ 10'4 {for the 0,012~in.~thick sheet ) (a)

-
6 X 10 (for the 0,020-in,~thick sheet )

1

€aurved

il

€ounyeq = B % 107% (for the 0.012-in.-thick sheet)

unm

Fh

Force and iloment Bquilibdr

in order to cbtalin an independent check of the ac-
guracy Oof the load and strain measurement, as well as of
the methods used in the analysis, the applied forces and
moments were compared with the force and nmomentd resultants
of the mensured internal direct stresses. In this con-
parison Hookels law was assumed valid, and the modulus of
elasticity was taken as 10,5 % 10° pounds per square inch
for both sheet and stringers Over the whole range ©0X
strains measured, TFor the stringers in which the sitrain
had not been measured it was determined by interpolation,
fhe effective width 2w! of the ecurved panels was talren
as the total width wherever the panel was in = nonbuckled
state. In the buckled state 1% was calculated from the
following formulas?

+

2yt = 2w + (ecurved/estr}(d - 2%) (8)

1/
- ! 3
2w = Cefla%f(estr - €curve&)3 d

wvhere E€gpp LS the strain in the stringer. These egqua-

tions are gquoted fronm reforence B3¢ The values given in
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in equations (4) were used for the buckling strains.

Caloulated values of forces and moments are listed
n table IV for a number of loading conditions and for
various test c¢ylinders, The agreement is good between
the external and the internal moment, especially under
smzll and moderate loads, For the higher stages of load-
ing the internal moment slightly exceeds the externgl mo-
ment, The agreement between the internal and the exter-
nal compressive force 1is also good in the low load range,
but the values deviate considerably for the higher stages
of loading. The discrepancies can be explained by the
reduction in the value of the modulus of elasticity of
the mabterial.

=

I+ wasg shown in reference 4 that the tangent modulus
of 245-T extruded sections begins to decrease at stresses
between 22,000 and 30,000 pounds per square inch in com-
pression, while 1ts value remains constant up t0 a range
from 38,000 to 47,000 pounds per square inch in tension.
The value of the tangent modulus of alclad 245S~T experi-
ences a drop even at a stress of 10,000 pounds per square
inch, Bvaluation of the pure compression tests made with
the monocogue bTest cylinders during the present investi-
gations at the Polybtechnic Institute of Brooklyn also
showed a decrease in the apparent modulus with increasing
load, a§ may De seen from the data included in table V.,

Since exact values of the variation of the modulus
with stress were not available for the sheet and the sec-
tiong used in the experiments, the force and moment equl-
1ibriuvm could not be debermined accurately. Iin one case,
however, the calculations wvere repeated with the assump-
tion of = 10.5 x 10% pounds per square inch for ten-
sion =nd for compression below 10,000-pounds-per-square=
ineh stress, and of B = 9.5 X 105 pounds per sgquare inch
for compression above 10,000—pounds~per—square—inch stress.
Phis slight change sufficed to reduce the original dig-—
crepancy of 45.6 percent in the compressive force to 12,2
percent., The corresponding change in the value of the mo-
ment was unimporiant. (See tadble IZ.) This example in-
dicates that the variation of the modulus may well be the
reason for the discrepancies noted, The effect of such a
slight variation is pronounced only in the case of the
resultant force which 1s the small difference of twoO large
quantities - namely, the resultant forces on the tension
and the compression sides of the specimen,

1=
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Tariation of the Strain in the Stringers

Figures 46 to 57 give typical examples of the varia-
tion with bending moment of the strain in the three most
highly stressed stringers on the tenzion and on the com-
pression sides. The curves shown represent data obtained
with cylinders Yos, 7, 9, and 10, corrected for the weight
of the loading arm, In figures 58 %o 63 measursd values
of the compressive strain in stringer ¥o. ¢ are compared
with the theoretical stringer strain variation curves.
Phis comparison is of importance sinece in the theory of
the inward bulge type buckling a theoretical sbtringer
strain variation is gssumed. :

The theoretical curves were determined as follows!
For different assumed values of the shift of the neutral
axis the resultant bending moment was caleunlated and
plotted against the compressive strain in stringer No. .
In a seccond Aiagram the resultant compressive force was
plotted against the compressive strain in stringer Wo. 9
for the same values of the parameter "neutral axis shift.”
Trom these two diagrams the variafion of the compressive
strain in stringer ¥o. 9 with increasing bending momentd
was determined and plotted for several constant values of
the compressive force, Since at each stage of loading
the centroid of the effective material of the cross sec-
tian of the specinmen is shifted a different distance fron
the geometric center of the cylinder while the compressive
load is always applied at the geometric center, an addi~
tional bending moment arises the effect of which nmust De
taken into account bvefore the theoretical curves can be
compared with the experimental values, TFigures 58 to 63
present curves which have Leen correscted for this effect.

In general, the agreement between theory and experi-
ment can be considered good.  In some cases at high bend-
ing moments the experimental values of the strain exceed
those predicted by theory., This discrepancy is probadly
caused by the variation of the modulus,

General Instability

Mhe correlation of experiment with the theory of the
inward dbulge itrpe buckling of monocogue cylinders, which
ijs the ultimate objective of thesse investigations, can
best bse carried out on the basis of the strains in the
most highly compressed stringer atb the moment 0f general
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instability, The formula for the maxinmum compressive

strain at collapse €...» derived from equation (24) of

reference 1 with the assumption of the same modulus of
elasticity for rings and stringers, is as follows:

2
T g2 o/ Istrir  (0.9/n ) V& (6)
2
r

2
€ =n i
cr T A bt
=1 A.Strl‘.s

str

where ©n is a parameter 5L the rTing spacing, 4
> 1 str

the cross—-sectional area of stringer plus effective width,
I, the moment of inertia of ring plus effective width,

v° the compressive load divided by the perimeter of the
cylinder, and Ig gy is defined by the equation

-~1
St

o . ‘
Igpr = Igsr v T (5/83(1/2%) Igsr 4 (

where I and Istr g are +he moments of inertla

str 2
of the stringer plus effective width for radial and tan-
gentizl bending, respectively. The effective width of
the sheef acting with the ring vas assumed %o be egqual to
the width of the ring.

The forces at collapse in the load link and in the
compression load bar werse aceurately known since they
were continuously observed with the aid of the two con-
trol boxes while the load was applied. In mahy cases the
strains in the stringers were also measured close O the
load at which general instability oceurred, BHonme test
specimens, however, collapsed before readings ecould be
taken in the proximity of the buckling load. The strains
jus® prior %o instability were not significant, however,
since they were obviously influenced by the developin
tulges. In many cylinders wita the imminent approach of
ingsability the maximun gompressive strain suddenly in-
creased in one band, and decreased in the other. 3Because of
this the following procedure was used to determine sig-
nificant values of the maxinum compressive strain at col-
lapse?d :

Stringer strain variation curves, as obtained for
stringer Fo. 9 in vands A and 3, were superimposed, The
general trend, established prior to the appearance of
irregularities, of the curve representing the average of
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the values in bands A and B was extrapolated up to the
¢ollapsing load. Ths sirain at collapse obtained by this
procedure was considered the experimental oritical strain.

Table VI presents the collapsing leads as measured,
and as carrected for the weight of the loading arm and for
the effect of the shift of the centroid of the effgctive
material from the gsometric center of the cylinésr, Val-
weg oFf the experimental eritical strain are listed in
table VII.

Trom these maximum compressive strains the value of
the parameter n WwWas calculated in accordance with the
suggestions of reference 3 and sabtisfying equation (6) of
this report, The resulis are listed in %table VIII, It
may he seen from the tahle that n varies but littley
ite maximum value being 3,21, the average 2,935, and the
minimum 2.66, The possihility of a variation of n with
conpressive force was anticipated in reference 3 but eny
systematic variation is lacking in table VIII, On the
other hand, equation (6) appears to give %the influence of
the compressive load gorrectly.

T4 should be noted that the average value cbtained
for n is 15 percent smaller than could be predicted
from figure 10 of reference 3, which is based on the
GALCIT experiments. The reason for this deviation is un-
¥nown. There was, however, a slight differencs in the
way the specimens were constructed, In the GALUIT cylin-
Gers the sheet was bol%ed to the rings and the stringers:
while in %the cylinders used in the present investigation
the sheet was attached to the siringers alone.

In reference 3 it was suggested that the eritical
strain in general instadility could be caleculated approx-
imately by neglecting the effective width of the sheset.
%fhe accuracy of this suggestion was ghecked by caleulat-
ing n from eguation (6) using values Of the moments of
inertia of stringers and rings alone, The values 8¢ ob-
tained are also presented in table VIII. There is 2
systematic deviation between the accurate and the approx-
imate valuess The average deviation 1is 16 percent, Con=
sequently in the pressnt case, the use 0f the approximatse
procedure suggesbed would result in underestimating the
eritical strain by 26 percent.

The general appearance of the distorted shape after
buckling is shown in the photvographs of figures 64 to 74,




TACA TH Mo, 939 i3

The pictures agree well with the description of the inward
bulge given in the introduction., The vaiues of the param-
eters =n and m characteristiec of the bulge could not

be determined accurately because the bulge 4id not termi-~
nate sharply. The approximate values are lisbted in table
TIII, together with the theoretical values. The average
experimental value of the number = of rings involved in
wuckling was 3, while theory predicted abvout 4. The 0D~
served mean value of 1n was near B as compared «+ith the
theoretical average of 3.

CO¥CLUSIONS

The series of tests conducted in the Alrcraft
Structures Laboratory of the Polytechnic Institute of
Brooklyn with reinforced monocogue cylinders in combined
bending and compression leads to the following conclu-
sioens!?

1. The pattern of distortion at buckling as realized
in the actual tests corresponds in essential features %0
the deflected shape assumed in the theory.

5. The experimentally established strains in the
most highly compre sed stringer at buckling are consist-
ent with the values odiained from the theoretical rela-
tionship:

g
S

e = 2
2 i w2 Tsrrir (0,9/n7) vd

< . -
cT Iy Agtr T2 bgtrd

2, ¥o systematic variation was found of the parame-
ter n with compressive force.

4, The average value of the parameter n Was 2,935
when calculated from the formula quoted in conclusion 2
using experimental values of the critical strain.

5, The data collected in the course of the experi-
ments afforded fairly close corroboration of %the %theories
of buckling of curved panels,

stablished that
’h

ne elagtic properties of
tachment of the test

e 5
the test rig and the manner of at
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specimens exerted a considerable influence on the nature
of the stress distridution and on the initial strains in
the specimens

Polytechnic Institute of Brookliyn
Brooklyn, ¥, ¥,, February 1944,
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Table II — Maximum Deviation in Compression

- Test Cyl.| Stage| Load Stringer- | Average Strain Maximum Devia-
No. No. ib. No. €x10%(ib./sq.in.) | tion Percentage
. 7 T | 13,000 | A1l 3.79 +8.17
1 13,000 B-5 3,76 =7 4d
8 1 6,500 A5 1.93 ~7.25
1 6,500 B-1 1.89 +6.35
2 12,700 A=5 3.76 =5.33
2 12,700 B-5 3.75 + 4,26
3 19,300 A5 5.65 -5.30
3 19,300 B9 £.65 -5,67
9 1 5,000 A-15 1.83 +15.31
1 5,000 B~13 1.76 +11.93
- 2 7,970 A-9 2,95 ~10.85
2 | 7,970 | B-13 2.85 412,26
3 11,900 A=9 La52 ~-13.72
- ] 11,900 B-13 Lelb5 +12.36
PA ;8,000 A-9 7.18 -11,13
- 4 18,000 B-9 7.04 -11.93
10 1| 3,90 | a1 1.33 +9.03 -
L 3,900 B—15 1.33 -3.76
2 7,860 A-11 2.77 +3.03
2 7,860 B-11 2,72 +4.78
3 11,600 A-15 4407 -12.55
3 11,600 B-11 4.08 +7.60
4 15,600 A7 5.63 +12.43
A 15,600 B-11 5.69 +8,87
5 19,800 A-7 743 +9.96
5 19,800 B—-11l 7.52 +7.85
12 1 7,100 A—-1 2.03 +4.92
1 | 7,000 | B 2,00 ~4.50
- 1 7,100 B-13 2.00 +4450
2 14,600 A-11 Leld +3.86
- 2 | 14,600 B-9 4,05 ~5.68
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Table V — Stress-Strain Proportionality Factors in Compression

Cyl. | Sheet P AP A 4P | Aver AE AP —6 _
No. | Thick. 1b. | Ib. [sq.in.| LA |e&xiok| =0k | & /A€ X107 = B
J0 psl psi
7 .020 | 13,000113,000} 3.5 3,711 3.78 3.78 9.8
g .020 | 6,500( 6,500{ 3.5

12,700} 6,200} 3.5

19,300 6,600} 3.5

9 .012 | 5,000| 5,000{ 3.0

- 7,970| 2,970] 3.0

11,9004 3,930] 2.96

18,000] 6,100) 2.79

10 .012 | 3,900} 3,900} 3.0

7,860] 3,960} 3.0

11,600 3,740} 2.99

15,600| 4,000 2.88

19,800| 4,200 2.76

11 012 [ 5,300} 5,300} 3.0

12 0204 7,100} 7,100 3.5

14,600| 7,500| 3.5

- 13 0201 7,300| 7,300§ 3.5
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VIT — Experimental Critical Strains

Test | Sheet Type Highest (Last) Recorded Extrapolated
» Cyl. Thick- Test Stringer Strain x 10% Stringer Strain x 104
No. | ness 3* #9(Compression) #1 Tension Average A and B
in. #9 (Compression)
20.78 16.2
5 .020 B 20.20 15.69 21.83
24.7 17.9
6 .020 B 20.9 16.8 25.68
18.6 11.88
7 .020 B&C 23.95 11.06 2.0
28.4 10.18
8 .020 B&C 16.C 9.66 23.28
18.3 8.68
9 .012 B&C 18.2 8.10 21.7
19.2 7.75
10 .012 B &C 19.0 7.28 22.4
19.1 15.4
11 L0l2 B 17.0 13.65 20.86
27.2 15.85
- 12 .020 B&C 16.6 15.76 24.38
31.2 17.3
13 | .020 | Bec | 25.7 15.9 28.6

#B — (Pure Bending)
B & C - (Bending and Compression Combined)

Table VIIT.- Experimentally Determined Values of Parameters n and m

Cyl. No. 'F P EZCZ i n ) Observed | Observed
in. ib. x10 n |m for 2W=0 n m
5 020 0 21.83 ] 2.661 4.93| 3.28
6 .020 9] 25.§8 2.99| 4.05]| 3.56 L 3
7 .020 1 13,000 | 24.0 2,891 4.321 3.44 5.33 3
g .020 | 14,600 | 23,28 12.84| 4.45] 3.38 6.4 3
i 9 .012 | 13,900 | 21.7 }2.99| 3.82] 3.27 4 3
. 10 012 14,200 | 22.4 13.051 3.70} 3.32. 6.4 2
11 012 0 20.86 | 2.89 ] 4.00} 3.2 4.25 4
12 020 7,400 | 24.38 12.90] 4.27| 3.48 5.33 3
13 L0201 7,250 | 28.6 [3.21] 3.60| 3.76 4.57 3
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Figure 3. - Forword view of test rig.
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Figure 4. - Rear view of test rig.
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Figure 5. - Stringer grip fittings.
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Figure 6. ~ Compression bar and adjustment end.
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Figg. 52,53
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NACA TN No. 933 : Figs. 58,59
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. FIG. 58 -MAXIMUM COMPRESSIVE STRINGER STRAIN VARIATION.
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FIG. 58—~ MAXIMUM COMPRESSIVE STRINGER STRAIN VARIATION.
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NACA TN No. 239 ) Figa. 60,61
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NACA TN No. 839 Figs. 62,83
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FIG. 62.- MAXIMUM COMPRESSIVE STRINGER STRAIN VARIATION.
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NACA TN No. 838 Fig. 67

Figure 67. - Test cylinder No. & (after buckling).
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